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Abstract: Electrochemical performance of pristine carbon supports including graphene nanoplatelets 
(GNP), graphene oxide (GO) and multi-walled carbon nanotubes (MWCNTs) for catalysing oxygen 
reduction reaction (ORR) in alkaline media (0.1M KOH) is reported. The reduction potential (least 
negative) and the peak current densities for the materials follow the order of MWCNTs>GNP>GO, 
with the performance of pristine MWCNTs (3 mA/cm2) comparable to that of N- and B-doped 
MWCNTs. Furthermore, low-loading of platinum nanoparticles on the carbon supports, carried out by 
microwave-assisted polyol synthesis, led to an increase in the peak reduction current density 
significantly at lower reduction potentials. Although the same synthesis process was used, the 
MWCNTs, GO and GNP support samples have different metallic Pt loadings. A comparison of ORR 
current densities normalized by the mass of Pt loading shows that Pt/MWCNTs have the highest 
linear sweep voltammetry (LSV) reduction current density of 900A/g, much higher than 510A/g of 
the commercial Pt-carbon black supports, and is followed by Pt/GNP and Pt/GO which have the LSV 
value of 500A/g and 200A/g LSV respectively. It is therefore suggested that the Pt/MWCNTs should 
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1. Introduction  
Due to the rapid depletion of fossil energy resources on Earth, research on environment-
friendly energy sources like metal-air batteries, supercapacitors, solar cells and fuel cells 
(including proton exchange membrane fuel cell (PEMFC), direct methanol fuel cells 
(DMFCs), direct formic acid fuel cells (DFAFCs) etc.), have thus attracted increasing 
attention from scientific community and public [1–3]. Fuel cells are electrochemical devices 
that convert chemical energy into electrical one through chemical reactions on the 
electrode/electrolyte interfaces. The oxidation of fuel (methanol, hydrogen etc) at the anode 
and the reduction of oxygen at the cathode are the driving reactions occurring in the fuel cells 
[4]. Fuel cells are known to have a very low emission of greenhouse gases such as CO2, SOx 
etc with high efficiencies (70% theoretically and 40~50% practically). Moreover, they are 
non-polluting energy sources and capable of providing very high energy densities [5–9]. 
Although the origin of fuel cells can be dated back to the 19th century with Charles Langer, 
the challenges associated with the materials remain ongoing, especially in the area of 
development of inexpensive and efficient oxygen reduction reaction (ORR) materials [10,11]. 
To this end, platinum (Pt) exhibits a very good electrocatalytic activity for both electro-
oxidation of small organic solvents in fuels on the anode and the oxygen reduction at the 
cathode[4]. However, the sluggish kinetics of ORR requires high Pt loading in the cathodes 
for acceptable power densities and fuel efficiencies. Secondly, Pt-based materials suffer from 
CO deactivation and susceptibility to time-dependent drift, that in-turn greatly decreases the 
cathode potential and reduces fuel efficiency [12,13]. Apart from catalytic activity and cost, 
the stability and lifespan of a catalyst also play a critical role in fuel cell applications. The 
high cost of the Pt-based catalysts, along with the limited availability of raw materials in 
nature, has been shown to be one of the major setbacks for commercialisation of fuel cells 
and their applications [14]. Under these circumstances, the improvement of cathode catalysts 
with enhanced ORR activity is highly required by reducing the use of Pt or by using non-
precious metals (Fe, Co, etc.) or metal oxides  (Fe2O3, Fe3O4, Co3O4, Co1-xS, etc.) as well as 
advanced carbon support materials (carbon nanotubes (CNTs), graphene oxide (GO), 
graphene nanoplatelets (GNP), fullerene (C60), nano diamond etc). 
For fuel cell applications, carbon is used not only as a structural material for easy gas 
diffusion, but also as the catalytic support material. There are some requirements for an ideal 
carbon catalytic support, such as high electric conductivity for providing significant 
performance benefits, large surface area for precious metal dispersion, easy to recover 
precious metal from the catalyst and high chemical stability in acidic and alkaline media 
[4,15–27]. The unique characteristics of carbon make it an ideal material for applications in 
fuel cells. Carbon has many available allotropes such as graphene, graphite, CNTs, nano-
diamond, fullerene etc, that have been used as support materials for ORR with loaded 
precious metal nanoparticles (NPs) such as Pt, Ag, Au, Fe, Co etc. Platinum nanoparticles 
decorated carbon support catalysts for fuel cell reactions have been studied by various groups 
over the years. Hasche et al studied the stability, activity and degradation of Pt/MWCNTs 
(multiwall carbon nanotubes) for ORR [28]. The experimental data showed that some traces 
of Pt NPs are present inside MWCNTs, which exhibits a comparable ORR electrocatalytic 
activity to that of Pt/Vulcan XC-72R catalyst, a commercial product. Liu et al prepared 
Pt/MWCNTs by microwave-assisted rapid heating method for ORR in PEMFCs [29]. Their 
experiments showed that 20 wt% Pt NPs loaded MWCNTs have high electrocatalytic activity 
for oxygen reduction as tested by a single stack PEMFC. Sharma et al synthesised Pt/rGO 
(reduced graphene oxide) electrocatalyst with uniform dispersion of Pt NPs for CO-poisoning 
tolerance for methanol oxidation reaction, which outperformed commercial Pt-carbon black 
(PtCB) electrocatalysts [30]. 
Low crystallinity amorphous carbonaceous supports such as carbon black are prone to high 
oxidation rates owing to the high electrode potentials experienced in the fuel cells, thereby 
reducing their lifetime and efficiencies. Moreover, the presence of deep micro and 
nanoporous structures in carbon black affects the overall catalytic efficiency by trapping the 
catalyst nanoparticles in the micro/nanopores where they cannot be accessed by the reactants. 
Carbon black is also unstable under the highly acidic/alkaline conditions of a fuel cell, 
resulting in the corrosion of carbon support and leading to detachment of catalyst 
nanoparticles. As a result, extended researches are being conducted on the use of other 
allotropic forms of carbon in fuel cells such as carbon nanotubes and fibers, mesoporous 
carbon, multi-layer graphene (undoped and doped with metal nanoparticles) and reduced 
graphene oxide.  
Although an extensive body of literature now exists which discuss the properties and 
potentials of the various pristine as well as Pt loaded carbon materials for ORR applications, 
there have been contradictory reports on the benefits of using carbon nanotube or graphene-
based materials for fuel cell applications [14,31–33], mainly due to different conditions used 
for synthesis of carbon support materials, ORR experiments and comparisons. Here, a 
comparative electrochemical analysis of various carbon supports, including commercial 
PtCB, pristine and Pt loaded carbon nanotubes, graphene oxide and graphene nano platelets, 
is reported. The comparative study was carried out to ascertain their electrochemical response 
towards oxygen reduction reactions under identical experimental conditions. Our 
investigation provides useful information regarding the electrochemical performance of the 
different types of carbon nanomaterials under identical experimental conditions. 
 
2. Experimental  
The pristine carbon supports, including multiwalled carbon nanotubes (purity >99%, 
diameter <20 nm, length 3~30 μm, Thomas-Swan Co. & Ltd, U.K.), graphene oxide (purity 
>99%, layers 2~4, Cheaptubes, U.S.A.), and graphene nanoplatelets (purity >99%, diameter 
1~2 nm, Cheaptubes, U.S.A.) were used as obtained without further purification. For 
synthesis of Pt/carbon support hybrids, the particular carbon supports were suspended in 
ethylene glycol (EG) at a concentration of 1 mg/ml and sonicated for 90 min to achieve stable 
and uniform dispersions. Aqueous solution of 1 ml Tetraammineplatinum (II) chloride 
hydrate (Pt(NH3)4Cl2.xH2O, 0.05-0.1 M, Sigma Aldrich) was then added to the carbon 
suspension and further stirred for 10 min. Subsequently, the pH value of the solution was 
adjusted to ~8 via the drop wise addition of a 0.04 M KOH solution, which has been shown 
to help in controlling the size uniformity and dispersion of Pt NPs [34]. The solution was then 
further sonicated for 60 min and then treated at a microwave power of 700 W for a fixed 
duration of 50 sec. The obtained black precipitate was washed several times with acetone, 
ethanol, deionised (DI) water and finally centrifuged and collected after drying overnight at 
60 0C. For comparison of ORR performance, a commercially available Pt-loaded carbon 
black with 20 wt% Pt loading obtained from Alfa Aesar was also used.  
For ORR measurements, a conventional three-electrode (Perspex electrochemical cell) setup 
was used with saturated Calomel electrode (SCE), Pt electrode and glassy carbon electrode 
(GCE, diameter: 3 mm for CV, 5 mm for RDE) as the reference, counter and working 
electrode, respectively. Before each experiment, the GCE was polished to mirror finish using 
0.3 and 0.05 μm alumina powders followed by washing in ethanol and distilled water. The 
catalyst ink was prepared by ultrasonically dispersing 1 mg of Pt/carbon support in 1.0 mL 
mixture of ethanol, DI water and 5 wt% nafion in the ratio of 3.85:1:0.15 [35]. For 
preparation of working electrodes, 10 μL of the catalytic ink with Pt/carbon support hybrids 
was pipetted on the GCE surface and left to dry overnight at room temperature. The ORR 
was studied in 0.1 M KOH electrolyte by purging in Ar for base scans and in O2 for ORR, 
followed by electrochemical analysis techniques including cyclic voltammetry (CV), 
chronoamperometry (CA) and linear sweep voltammetry (LSV) and rotating disk electrode 
(RDE) using CHI601D potentiostat and Autolab potentiostat PGSTAT 302N at room 
temperature. 
Transmission electron microscopy (TEM) imaging and analysis were performed on a FEI 
Tecnai TF20 FEGTEM Field emission gun TEM/STEM (Oxford Instruments INCA 350 
EDX system/80mm X-Max SDD detector and Gatan Orius SC600A CCD camera). X-ray 
photoemission spectroscopy (XPS) was carried out on Kratos Axis Nova XPS, equipped with 
monochromatic Al-Kα (hν=1486.6 eV). The X-ray diffraction (XRD) studies were performed 
on Bruker Smart 6000 CCD diffractometer (CoKα, λ=1.788Å). Thermo gravimetric analysis 
(TGA) was carried out by using SDT/TA Instrument 2960 Simultaneous DTA/TGA at a 
heating rate of 10 °C min-1 (in air) up to 800 °C. 
 
3. Results and discussion 
As mentioned above, the carbon supports were mixed ultrasonically with metal precursor 
Pt(NH3)4Cl2.xH2O in EG, after which the produced polyol solution was rapidly heated in a 
domestic microwave oven to produce Pt nanoparticles. The mechanism of the reactions 
involved can be represented by Fig. 1. The dehydration of ethylene glycol to acetaldehyde is 
a well-established concept for the deposition of metal NPs in polyol solution. The unstable 
aldehyde is further oxidised to form an acid which provides electrons to reduce the precursor 
metal salt species [33]. The reduction products can be metal atoms (Pt) or mixed metal oxides 
(PtO) or hydroxides. The metal ions dissolved in the polyol solution are reduced in presence 
of hydroxide ions, where aldehyde is oxidised to acetate ions. The reduction process may be 
led by replacing the anionic ligands on the metal salts, forming a metal hydroxide, further 
reduced by acetaldehyde to form fine metal nanoparticles, and subsequently the mixed metal 
oxide precipitates or crystallise [33,36]. The produced metal NPs are attached at potential 
nucleation centres on the support materials that are suspended in the solution, thus resulting 
in the Pt NPs loaded carbon support materials which were then confirmed by both XRD and 
XPS analysis. 
 
Fig. 1. Mechanisms for the polyol-assisted formation of metal nano particles [33]. 
 
3.1 Material characterization 
3.1.1 TGA analysis 
The Pt loading of all the carbon catalyst samples were ascertained by TGA measurements and 
the results are shown in Fig. 2.  It can be observed that various carbon supports show 
different oxidation onset temperatures which are based on their crystallinity and 
microstructures. Sample Pt/GO contains a high amount of oxygen groups (as further 
discussed in XPS Analysis) which is rapidly released as CO and CO2. H2O vapours were 
released at relatively low temperatures of up to 200 0C, where a rapid mass loss was observed 
in Fig. 2. Similarly, commercial PtCB has a lower crystallinity as compared with MWCNTs 
and graphene, and hence displays lower onset of oxidation and lower thermal stability. On the 
other hand, since Pt/MWCNTs and Pt/GNP possess much higher crystallinity due to the 
aromatic bonding within the graphene sheet and MWCNT structure, these samples display 
higher onset of oxidation [37,38]. In this work, the obtained Pt loading for a fixed duration of 
microwave treatment is 11.5 wt% for MWCNTs, 18 wt% for GO and 16 wt% GNP 
respectively. Under similar experimental conditions, the Pt loading for different carbon 
supports varies mainly due to different surface areas in GNP and GO as compared with that 
in MWCNTs.  
                             
 
Fig. 2. TGA curves show the Pt loading on the carbon supports. 
 
3.1.2. XRD analysis of Pt nanoparticles  
The as-synthesised Pt/carbon supports were also investigated using XRD for the confirmation 
of crystalline structure of Pt NPs. In Fig. 3, the observed characteristic diffraction peaks at 
46.6° and 54.7° can be attributed to the Pt(111) and Pt(200) planes of the face-centred cubic 
(fcc) structure of platinum. The diffraction peak observed at ~30° can be attributed to C(002) 
plane arising from carbon supports. As GNP are more crystalline in nature compared to other 
carbon supports, a much stronger C(002) diffraction is obtained for Pt/GNP samples. The 
average Pt crystallite size, D, was calculated from Pt(111) diffractions using the Scherrer 
equation (1),  
𝐷 = 0.9𝜆
𝐵 cos 𝜃         (1) 
where λ is the X-ray wavelength (Co Kα λ=1.788 Å), θ the maximum angle of the (111) 
peak, and B the FWHM for Pt(111) in radians [39,40]. The average crystallite size is 6~8 nm 
for Pt/MWCNTs and Pt/GNP, and 4~6 nm for Pt/GO, in good agreement with the literature 
[39]. 
 
Fig. 3. XRD diffraction patterns for the different carbon supports with Pt loading. 
 
3.1.3. TEM analysis 
The microstructure of the as-prepared samples was studied using TEM analysis. Fig. 4(a-f) 
shows comparative TEM images of pristine carbon supports and Pt/carbon supports (the 
insets are HRTEM images of Pt/carbon supports) and Fig. 4(g-i) Pt NPs size distribution on 
Pt loaded carbon supports. For all the carbon supports, a uniform distribution of the Pt NPs 
was observed and most of these Pt NPs exhibit cubic shaped morphology. The Pt NPs on 
MWCNTs were anchored onto the outer walls and were distributed less uniformly on the 
support with an average particle size of 5.5±0.7 nm. Very few agglomerations were observed 
with the Pt NPs being anchored to the possible defect sites, which can support the nucleation 
and growth of the particles. On the GO support, the particles were observed on the basal as 
well as the edge planes, and exhibited a mixed morphology of spherical and cubical shapes, 
with an average size of 3.5±1.5 nm [30,41]. Pt NPs were mainly attached due to electrostatic 
interaction between Pt and the functional groups present on the support, and no 
agglomeration could be observed. On the GNP support, the Pt NPs again exhibited cubical 
morphology and were distributed on the basal and edge planes due to presence of defects and 
some oxygen containing species. The average size of the Pt NPs is 7.0±1.8 nm with no 
agglomeration. The Pt NPs attached on to the GO are smaller compared to those on GNP or 
MWCNTs, possibly due to incomplete reduction of metal ions [33]. These results are in 
agreement with those obtained from the XRD and those reported in the literature 
[29,30,41,42].  
 Fig. 4. TEM image of (a) Pristine MWCNTS; (b) GO; (c) GNP; (d) Pt/MWCNTs; (e) Pt/GO; (f) 
Pt/GNP; (g) Pt NPs size distribution on Pt/MWCNTs; (h); Pt NPs size distribution on Pt/GO; (i) Pt 
NPs size distribution on Pt/GNP. 
 
3.1.4. XPS Analysis  
The XPS analysis was carried out to ascertain the electronic state of the catalysts and support 
materials after the microwave–assisted polyol process. The C1s binding energy was 
calibrated to 285.0 eV for adventitious carbon for all samples. Fig. 5(a, b) shows the high 
resolution C1s peak XPS spectra for pristine and Pt/GO samples. While the pristine GO 
exhibits peaks corresponding to the heavy oxidation of graphite (~287 eV); the polyol-treated 
Pt/GO samples show a reduction in the oxygen content of the sample. To identify the 
different chemical bonding states of carbon in GO, the C1s spectrum was further de-
convoluted and curve fitted to yield six different components at 285 eV, 286.4 eV, 287.1 eV, 
288 eV, 289.5 eV, 290.6 eV, respectively, corresponding to C=C/C-C in aromatic rings (sp2), 
C-OH (hydroxyl group), C-O-C (epoxy group), C=O (carbonyl groups), OH-C=O (carboxylic 
groups) and π−π∗ transition (satellite peak).[30] The atomic concentration of the base 
materials also confirms the reduction of pristine graphene oxide to reduced graphene oxide 
via the loss of oxygen moieties as tabulated in Table 1. It can also be seen that the peak 
corresponding to the oxygen moieties reduces in intensity with a corresponding increase in 
the C/O ratio for Pt/GO sample (Fig. 5(b)).  For other carbon support materials, due to the 
lack of significant oxygen functional groups, no major changes in the C1s envelope could be 
observed post-polyol processing. 
  Fig. 5. High resolution C1s XPS spectra of comparison of (a) Pristine GO and (b) Pt/GO samples. 
 
The Pt 4f XPS spectra show a doublet, corresponding to the spin orbital coupling components 
of Pt 4f7/2 and Pt 4f5/2 for Pt/carbon supports as shown in Fig. 6(a-d). To identify the different 
chemical states, the Pt 4f spectrum can be further de-convoluted and curve fitted into three 
different species of Pt(0), Pt(II) and Pt(IV) corresponding to binding energies of 71.29 eV, 
72.26 eV and 74.44 eV, respectively [30]. Their relative intensities are a measure of the 
amount of various Pt species present in the catalyst with the presence of higher Pt(0) content 
providing higher electrocatalytic activity for ORR [33]. The presence of metallic Pt on all 
carbon supports are consistently high as shown in table 1, with the Pt/MWCNTs sample 
having the highest amount of metallic Pt. The increased oxidation of the Pt NPs cannot be 
ascribed to any change in the microwave exposure time as it was same for all the samples. 
For GO and GNP samples, similar results have been reported in the literature where XPS 
analysis has revealed that the polyol process has produced nanoparticles in which the metal 
ion (Mn+) was not completely reduced to the zero-valent metal (M0) and a significant 
proportion was found bound to oxygen, possibly due to short microwave process time [33]. 
 
Table 1: XPS Analysis: Elemental atomic concentrations of as-prepared samples element. 
Carbon Support Atomic Concentration (%) 
 
C  O  Pt C:O Calculated Metallic Pt(0) 
Pristine MWCNTs 99.18 0.82 – 120.95 – 
Pristine GO 75.94 24.06 – 3.15 – 
Pristine GNP 96.37 3.63 – 26.54 – 
PtCB 24.01 75.10 0.89 0.31 49.91% 
Pt/MWCNT 98.45 0.97 0.58 1.49 46.96% 
Pt/GO 78.00 17.70 1.25 4.46 23.25% 
Pt/GNP 92.88 4.43 2.68 20.96 23.66% 
 Fig. 6. Comparative high resolution Pt 4f XPS spectra of (a) PtCB, (b) MWCNTs, (c) Pt/GO and (d) 
Pt/GNP samples.   
 
3.2 Electrochemical characterization 
3.2.1 ECSA values calculations and Cyclic Voltammetry 
The electrochemical surface area (ECSA) values are used to determine the number of 
catalytically active sites that are available for an electrochemical reaction and hence denote 
the activity of the material towards the electrochemical reaction. The as-prepared GCE 
electrodes with drop-dried samples were first electrochemically cleaned by repeated 
potentiodynamic sweeps between +0.19 to +1.3 V at a scan rate of 250 mVs-1 in Ar protected 
0.1 M KOH, until a steady voltammogram scan was obtained in ~200 cycles. The cyclic 
voltammogram for PtCB electrode at a scan rate of 50 mVs-1 is shown in Fig. 7, with the 
shaded area showing the hydrogen adsorption/desorption area (QH) used for the calculation of 
ECSA using equation (2) [38], 
𝐸𝐶𝑆𝐴 = � 𝑄𝐻
210µ𝐶 𝐿𝑃𝑡 𝐴𝑔�105        (2) 
where LPt is the working electrode with total Pt loading (mgPt cm-2), 210 (μC cm-2) is the 
charge conversion factor for full coverage for clean metallic Pt, Ag(cm2) is the geometric 
surface area of the glassy carbon electrode (i.e. 0.196 cm2). The Pt electrochemical surface 
area “ECSA” is reported in m2/gPt. The CV curves for all Pt-loaded carbon supports are 
shown in Fig. 8(a). All potentials were converted from the SCE scale into the reverse 
hydrogen electrode (RHE) scale, as it is more common for electrochemical analysis, using E 
(RHE) = E (SCE) + 0.991 V in 0.1 M KOH [43].  The ECSA values were calculated in 
alkaline media (0.1 M KOH) and are summarized in Table 2. The ECSA value for 
Pt/MWCNT is comparable to that of PtCB, while it is more than half for Pt/GO, about third 
for Pt/GNP compared with that of PtCB. The drastic variation of the ECSA is attributed to 
the large difference in the active Pt(0) concentration presented in these support materials as it 
provides higher electrocatalytic activity for ORR as shown in Table 1 [33]. In Table 2, it can 
be clearly seen that ECSA value for Pt/GO is higher when compared with Pt/GNP, mainly 
due to nature of the support materials and presence of oxygen functional groups.  
Table 2: Comparison of QH, ECSA @50 mVs-1 in 0.1 M KOH. 
Material QH value    (0.1 M 
KOH) µC/cm2 
ECSA                 
(0.1 M KOH) m2/g 
Pt/MWCNT 3.16E-4 62.8  
Pt/GO 14.0E-4 39.2  
Pt/GNP 6.72E-5 20.0  
PtCB 2.64E-4 62.5  
 
 






Fig. 8. (a) Comparison of CV for pure carbon supports in O2 in a 0.1 M KOH solution in mA/cm2, (b) 
Pt-loaded carbon supports in O2 in a 0.1 M KOH solution in mA/cm2, (c) Pt-loaded carbon supports in 
O2 in a 0.1 M KOH solution in A/g (normalized by the mass of Pt loading). 
 
The working electrodes were prepared as described in section 2. The prepared GCE/Pt/carbon 
support electrodes were transferred to the electrochemical cell containing 0.1 M KOH 
electrolyte for electrochemical measurements. For comparison, commercially available Pt 
loaded carbon black (20 wt% PtCB) was measured using the same system. Fig. 8(a, b) shows 
the comparison of cyclic voltammograms between pristine carbon supports and Pt loaded 
carbon supports conducted in O2 purged solutions. The CV curves of pristine carbon supports 
are shown in Fig. 8(a). The pristine MWCNTs show the highest electrochemical response 
towards the reduction of oxygen in basic media. The reason for this is still poorly understood, 
but it could be due to the interaction of carbon with residual metals impurities forming metal-
carbon complex or the possible formation of defects through carbon restructuring or 
formation of radicals and dangling bonds [44]. Also the purity of carbon support could be a 
possible reason. For Pt loaded samples, the CV curves (in O2 saturated 0.1 M KOH) are 
shown in Fig. 8(b). The Pt/MWCNT samples exhibit the highest reduction current (~1.5 
mA/cm2), better than ~1.2 mA/cm2 of the commercial PtCB. The reduction current decreases 
drastically for Pt/GNP, and is the worst for the Pt/GO sample. Moreover, it can be observed 
that the onset potential shifts towards positive potential for the Pt/carbon supports owing to 
the higher activity. The variation of the reduction currents for these supports can be explained 
by the ECSA values of the samples shown in Table 2. The CV curves of Pt loaded carbon 
supports were plotted in terms of current density normalised by total Pt mass Fig. 8(c), where 
it can be observed that Pt loaded MWCNTs exhibits the highest electrochemical response 
(100 A/g), more than double of that of the commercially available carbon black. 
3.2.2 Linear sweep voltammetry and “n” value calculation  
The ORR measurements were also carried out using the rotating disk electrode method. The 
RDE measurements were performed in an O2 saturated 0.1 M KOH electrolyte solution at 
various electrode rotation speeds. The corresponding potential-current curves of the ORR for 
the pristine carbon support, Pt/carbon support and PtCB electrode are shown in Fig. 9. The 
background currents were recorded at 20 mV/s in Ar-saturated electrolyte and iR corrections 
were calculated and subtracted. As shown in Fig. 9(a), both the experimental and PtCB 
samples exhibit the typical mixed kinetic-diffusion controlled region from +0.64 to +0.89V 
and diffusion controlled region from approximately +0.19 to +0.59 V, respectively. While, 
the diffusion-limited current densities normalized to geometric surface area are well-defined 
for PtCB and are within the experimental error for theoretical diffusion limiting current 
expected for a rotation rate of 1600 rpm and room temperature (5.7 mA/cm2). However for 
all the samples synthesised using microwave polyol process, they show some degree of 
deviation. In fact, while the diffusion limited area normalised current values are much more 
closer to the ideal values for Pt/MWCNT (~ 5 mA/cm2), for Pt/GO samples, the diffusion 
region plateau has not developed at all and shows a low current density of ~2 mA/cm2. 
Similarly, for Pt/GNP samples a current value of ~4 mA/cm2 is observed. Even though the 
Pt/GO sample shows higher ECSA values than the Pt/GNP sample, the lower electrical 
conductivity due to the presence of residual oxygen groups on the surface of the catalyst 
could account for the rather abrupt behaviour of the samples. It is also noteworthy that the 
reduction current density of ~3 mA/cm2 for the pristine MWCNT electrode is comparable to 
the current state of the art using nitrogen doped (2.75 mA/cm2) and boron doped MWCNTs 
(~3.2 mA/cm2),[45,46] indicating that MWCNTs can be directly used without further surface 
treatment or doping for ORR activities.[23,35] Now, as the CNT and GO, GNP samples have 
different Pt loading, a direct comparison of ORR current densities is not entirely correct. The 
electrochemical activity of the Pt atoms at the surface of the catalysts can be calculated from 
mass activity which is obtained by normalising kinetic current Ik with the mass loading of the 
Pt catalyst, and it is 0.31 A/mg and 0.36 A/mg for Pt/MWCNts and PtCB at 0.85 V. The 
ORR current density was normalized by mass of the Pt loading of each sample (Table 1) for 
comparison with the results shown in Fig. 9(b), where it can be clearly seen that Pt loaded 
MWCNTs exhibits the highest electrochemical response (900 A/g) in comparison with 
commercial carbon black (510 A/g). Pt/GNP and Pt/GO have the current density of 500 A/g 
and 200 A/g respectively. The one for Pt/GNP support is comparable to that of PtCB as well.    
 
 Fig. 9. (a) RDE curves in 0.1M KOH @ 20mV/s, 1600 rpm for pristine carbon support and Pt loaded 
carbon supports in mA/cm2, (b) RDE curves in 0.1M KOH @ 20mV/s, 1600 rpm for Pt loaded carbon 
supports in A/g (normalized by the mass of Pt loading). 
 
The Koutecky–Levich (K-L) equation was used to calculate the number of electron 










𝐵.𝜔1/2      (3) 
where I is the measured current, Ik and Id are the kinetic and diffusion-limited currents, ω the 
rotation rate in rad/sec, F the Faraday constant (96485 C/mol), C0 the concentration of O2 in 
the bulk solution (1.26×10−3 mol/cm3) [47], D0 the diffusion coefficient of O2 (1.93×10−5 
cm2/s) [47,48], Ag the area of the electrode in cm2 and η  the kinematic viscosity of the 
solution (1.009×10-2 cm2/s). To calculate the “n” value from equation (4), the slope value B” 
using the K-L plots of I1/2 vs. ω1/2 at 0.2 V is obtained, as shown in Fig. 10(a, b) [47,48]. 
𝐵 = 0.62𝑛𝐹𝐶0𝐴𝐷02/3𝜂−1/6      (4) 
The obtained value of “n” is around 1.97 for pristine MWCNTs, 1.93 for pristine GNP and 
1.9 for pristine GO. Once loaded with Pt NPs, the n value increases to 4.2 for PtCB, 4.1 for 
Pt/MWCNTs, 3.55 for Pt/GNP, 3.41 for Pt/GO, respectively. For Pt loaded carbon supports, 
the “n” values are close to 4, indicating that ORR predominantly follows the four-electron 
(4e-) pathway, unlike the pristine carbon supports which follow the two-electron (2e-) 
pathway. For Pt/carbon supports, it has been shown by various groups that materials 
following the 4e- pathway will produce H2O as the end product via possible mechanisms 
shown in Fig. 11 wherein O2 can be directly reduced electrochemically to H2O following the 
dotted line pattern or to H2O2, and further to H2O. Previous studies suggest that most possible 
reduction process via formation of H2O2 as an intermediate product [11,30,39,48]. 
 
Fig. 10. (a) K–L plot for O2 reduction in 0.1 M KOH for pure carbon supports; (b) K–L plot for O2 
reduction in 0.1 M KOH for Pt loaded carbon supports. 
 
 
Fig. 11. Possible mechanism of ORR on carbon support Pt. 
The Tafel plots are mainly used to estimate the mass transport currents at the Pt surface and 
the mechanism of ORR process. Tafel plots can be constructed by plotting potential E vs. log 
|Jk| (=Ik/Ag) from oxygen reduction reaction calculated using Ik by equation (5).  
𝐼𝑘 = 𝐼𝐿𝑖𝑚.𝐼(𝐼𝐿𝑖𝑚−𝐼)       (5) 
We can extrapolate Tafel slope by drawing a tangent through the points of what appears to be 
continuous curve (60 to 250 mV/decade). In our cases, we have arbitrarily fitted the curves 
with two slopes: (Region I determines the pseudo 2-electron process) a lower Tafel slope by 
fitting a tangent at low potential polarisation curves (69 mV/decade ~ 90 mV/decade), 
indicating that electrode surface is a mixture of Pt and PtO;[49–51] (Region II determines the 
first electron transfer rate) a high Tafel slope by fitting a tangent at high potential polarisation 
curves (165 mV/decade ~ 265 mV/decade), indicating that electrode surface is pure Pt, i.e. 
+0.59 V< E< +0.991 V, as tabulated in Table 3. The regions in Tafel slopes indicate that 
Pt/PtO surface has a different mechanism from that of pure Pt electrode surface [49–51]. 
Comparable Tafel behaviour was observed in the present work when compared with typical 
bulk Pt electrode and literature [50]. It can be observed in Fig. 12 that Pt/carbon samples and 
PtCB show a similar pattern which confirms that both the materials follow a 4e- pathway, 
unlike the pristine carbon supports which show a different pattern due to the 2e- pathway.  
 
Fig. 12. Tafel plot for various pristine, Pt loaded carbon support and Pt/C. 
Table 3: Tafel slope value in Region I and Region II. 
Sample Name Low Overpotentials        
(60 mV/ Dec. ~86 mV/dec.)  
Region I 
High Overpotentials              
(120 mV/ Dec.~ 250 mV/dec.) 
Region II 
PtCB 83.85 170.8 
Pt/MWCNTs 69.74 178.6 
Pt/GO 125.9 163.87 
Pt/GNP 73.84 181.14 
 
3.2.3 Chronoamprometry  
The stability of the electrode materials can be estimated by chronoamperometric 
measurement. The scans were run for 1000 sec at onset potential of about 0.85 V for all Pt 
loaded carbon support materials except Pt/GO (which was run at 0.64 V) in 0.1 M KOH 
electrolyte as shown in Fig. 13. The measured current densities over the time scale are stable 
and are tabulated in table 4 at different time intervals, with the Pt loaded carbon support 
Pt/MWCNTs exhibiting the highest stability, indicating that these materials are suitable for 
ORR electrode application.  
The results show that among all the pristine carbon supports, MWCNTs exhibit the highest 
electrochemical activity towards ORR which is nearly twice that of GNP and three times that 
of GO supports. While the GNP supports should ideally provide significant edge sites for 
electrochemical reactions; the stacking and folding of the sheets to form multi-layered 
graphitic structures reduces the electrochemical surface area [52]. In the case of graphene 
oxide, the presence of a variety of high oxygen contents in the form of C-O groups attributing 
to more production of hydrogen peroxide [53]. The ORR activity of pristine MWCNTs 
observed in our study are comparable to N- and B-doped MWCNTs and is ascribed mainly to 
the interaction of carbon with residual catalyst metal impurities forming metal-carbon 
complex, formation of radicals and dangling bonds or the possibility of defect formation 
through carbon restructuring. Further loading of Pt NPs on the carbon supports, displayed a 
similar trend in which Pt/MWCNTs display the highest electrochemical activity followed by 
Pt/GNP and Pt/GO.  This can be ascribed to the amount of metallic Pt present on the carbon 
support. The ORR activity of Pt/MWCNTs displayed is comparable to that of commercial 
PtCB. 
  Table 4. Chronoamperometric currents measured at 100 and 1000 sec respectively. 
Carbon Support 100 sec 1000 sec 
 PtCB -6.836E-5 A.cm-2 -5.765E-5 A.cm-2 
Pt/MWCNTs -3.959 E-5 A.cm-2 -3.739 E-5 A.cm-2 
Pt/GO -4.58 E-5 A.cm-2 -3.938 E-5 A.cm-2 
Pt/GNP -6.377 E-5 A.cm-2 -4.5 E-5 A.cm-2 
 
 
Fig. 13. Chronoamperometric scans in 0.1 M KOH for various Pt loaded carbon supports. 
 
4. Conclusions 
In summary, we have compared the electrochemical properties and the synthesis of various 
platinum decorated carbon supports as an electro-catalyst material for oxygen reduction 
reaction. We have also investigated and compared the electrocatalytic activities of pristine 
and low loading Pt/carbon supports under identical conditions for ORR performance. It was 
observed in this work that the Pt/MWCNTs exhibit the highest LSV reduction current density 
(~5 mA/cm2) and high electrocatalytic activity, that are comparable to the commercial PtCB 
(~5.5 mA/cm2). On the other hand, Pt/GNP and Pt/GO exhibit current densities of ~4 
mA/cm2 and ~2 mA/cm2 respectively. For Pt/GNP samples, the lower current density and 
onset potential can be attributed to the low ECSA values arising from low Pt(0) content as 
compared with the Pt/MWCNTs samples. For Pt/GO samples, the low metallic Pt content is 
responsible for the poor ORR performance which is also reflected in its low ECSA value as 
compared to Pt/MWCNTs samples. Another possibility could be that the deposited metallic 
Pt was covered by a layer of rGO or GNP where Pt may not exposure completely, hence 
suppressing its electrocatalytic activity. As the MWCNTs, GO and GNP samples have 
different Pt loading, a comparison based on Pt loading was carried out and Pt/MWCNTs 
exhibit the highest LSV reduction current density of 900A/g, much larger than 510A/g of 
PtCB, and is followed by 500A/g and 200A/g for Pt/GNP and Pt/GO respectively. Overall, 
we conclude that among all the carbon supports, Pt loaded MWCNTs display the best 
electrocatalytic activity and stability. It is therefore suggested that the Pt/MWCNTs should be 
given a favourable consideration in ORR for the future development of fuel cell technologies. 
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